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Abstract 
This article presents the application of a mathematical model with a statistical experiment in order to develop robust surface 
properties of zirconium nitride (ZrN) films. In this research, ZrN films, with a (Ti,Cr) interface, were prepared by an unbalanced 
magnetron (UBM) sputtering. An experimental array was employed in a few tests. A second-order model resulting from the 
experiments on film thickness in the UBM sputtering processes was explored.  In this study, the desired thickness that 
significantly influenced the characteristics and structural performance was achieved in the ZrN films; it guided the smaller worn 
scar depth and yielded larger adhesive strength. Furthermore, a quadric model was constructed efficiently in regard to film 
thickness variations. The predicted values and experimental results are close, which shows that the quadric model can be 
effectively used to predict surface properties of ZrN films in a UBM sputtering system. 
© 2009 Published by Elsevier B.V. 
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1. Introduction  
Physical vapor deposition (PVD) has recently attracted much attention in research as a process for applying 
protective coatings. It provides better and more reasonable solutions for many surface engineering problems, 
improving the service life including electronic, optical and decorative applications of various kinds of tools, molds 
and machine parts [1-2]. Notably, various nitrides of transition metals are widely used in wear-resistant, protective, 
and decorative coatings, their superior mechanical properties, their excellent resistance to wear, erosion and 
corrosion, as well as their attractive golden-yellow color [3-4]. In particular, zirconium nitride coatings, deposited 
by the PVD technique, have been extensively developed in a wide range of industrial areas [5-6]. Some general 
properties of zirconium nitride coating have already been reported. In previous studies, the chief concern of many on 
zirconium nitride composites of UBMS processes has been with their mechanical properties [7-8]. Moreover, 
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apparently there are still some problems that need to be resolved, such as how to determine the most suitable 
variations of film layer thickness and how to simultaneously find the optimal parameters leading to improved 
surface properties of the coatings.. Accordingly, in this paper, we propose the response surface methodology [9-13] 
to determine the impact and importance of sputtering factors on surface morphologies of zirconium nitride films by 
UBM sputtering as an effective alternative to solve this complicated problem. In this paper, results obtained by 
specific coating thickness variations, which were preferentially applied to characterize the ZrN coatings, are 
presented. 
 
2. Experimental Design and Procedure 
2.1 Experimental Apparatuses and Material Preparation 
A sputter deposition system, with a magnetron gun and pulsed DC power supply, was used in this experiment. 
The three targets - a zirconium target of 99.5% pure, a chromium target of 99.5% pure, and a titanium target of 
99.5% pure - used respectively in the system, were deposited. The coating was done in sequence by a bonding 
(Ti,Cr) layer (15 min) and then a top TiZrN and ZrN layer.  Details of the UBM sputtering procedures are described 
elsewhere [6-8]. The deposition condition for the specimens is listed in Table 1. The substrate matrices used in the 
experiment were 306 stainless steel dimensions of 4cm×4cm×0.7cm andġsilicon wafers with dimensions of 
2cm×2cm×0.1cm.ġThe cross-sectional structures of the composite films were noted using a field emission scanning 
electron microscope (JEOL JSM-6700F). The element depth profiles across both the Ti-doped zirconium nitride 
with Ti coatings and the zirconium nitride with Cr coatings were researched by glow discharge optical emission 
spectroscopy. The elemental species were identified in the films by assignment of corresponding signals remarked 
with the high-resolution X-ray photoelectron spectrometer. The crystalline structures of thin films were identified by 
X-ray diffraction (XRD), using a CuK¢ source (Ȝ = 0.15405 nm) and a scan speed in 2ș of 1°/min. 
 
Table1. Control factors and their levels for the unbalanced magnetron sputtering 
Symbol Controllable factors Level 1 Level 2 Level 3
A Interlayer element Ti Cr  
B Argon flow rate (sccm) 25 30 35 
C Zr target current (A) 3 3.5 4 
D Nitrogen flow rate (sccm) 11 13 15 
E Sputtering distance (cm) 8 10 12 
F Substrate Bias voltage (-V) 40 50 60 
G Sputtering time (hr) 2.5 3 3.5 
H Rotate speed (rpm) 2 3 4 
 
2.2 Film Thickness Measurement  
The thickness dimensions of films were measured with various techniques including a spherical abrasion test 
(Kalotest), an alpha step profilometer, and a cross-sectional thickness from SEM images, etc. In this paper, the 
thickness of the ceramic coating was determined by the spherical abrasion test, as shown in Figure 1 in the optical 
microscopy images. Two diameters of inner and outer circles could be computed according to Eq.(1). Three craters 
were produced on each sample to obtain the mean and standard deviation values.!A film thickness (T) measurement 
by the ball crater method was carried out as follows: 
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where!R is the radius of the ball, D is the outer circle diameter of the crater regions and d is the inner circle diameter 
of the crater regions. 
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Figure 1 Measurements of the film thickness in the ball crater test 
3. Experimental
3.1 Parameters and Conditions
 
 In this study, the three most significant factors were identified according to the analysis of variance [12]. 
Box-Behnken design [13] was adopted to establish the equation of the response surface with three identified 
significant factors. The code and levels of control parameters for an unbalanced magnetron sputtering are shown in 
Table 1. This factor design, with 12 centers of edges and three replicates of center points, was used at three levels 
resulting in a total number of 15 experiments, as shown in Table2.  
 
Table2. Control factors and their levels for the coded values corresponding to the variables 
and responses for the unbalanced magnetron sputtering processes 
Test # 
Natural Variables Coded Variables Response 
Ti and Zr target 
current (A) 
Nitrogen flow 
rate (sccm) 
Sputtering 
distance (cm) X1 X2 X3 Y 
1 3 11 10 -1 -1 0 7.740 
2 4 11 10 1 -1 0 7.640 
3 3 15 10 -1 1 0 2.275 
4 4 15 10 1 1 0 4.398 
5 3 13 8 -1 0 -1 2.403 
6 4 13 8 1 0 -1 8.228 
7 3 13 12 -1 0 1 4.263 
8 4 13 12 1 0 1 3.124 
9 3.5 11 8 0 -1 -1 6.974 
10 3.5 15 8 0 1 -1 2.977 
11 3.5 11 12 0 -1 1 2.814 
12 3.5 15 12 0 1 1 2.797 
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13 3.5 13 10 0 0 0 6.571 
14 3.5 13 10 0 0 0 6.236 
15 3.5 13 10 0 0 0 6.322 
 
3.2 Mathematical Model 
To search for optimal parameters of sputtering deposition processes, response surface methodology [10] was 
adopted to establish the response surface with three identified significant factors according to the analysis of 
variance. The following general form of the second-order model that was used in this study as follows: 
y  = ¦ ¦¦¦
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This formula contains linear terms in ix , squared terms in
2
ix , the cross product terms in ji xx and the error termH . 
Y indicates the dependent variable to be modeled, ijiii EEEE ,ˆ,ˆ0 are regression coefficients of the model and ix is 
the independent variables. By using this model, linear, quadratic and interactive effects of independent variables on 
the dependent variables were determined 
 
4. Results and Discussion  
4.1 The Effect of Thickness Variations  
As shown in Figure 1a, the scar depths of ZrN films increase with the increase in film thicknesses. This is 
attributed to the ZrN film that forms a less dense structure, resulting from a lower resistant wear. As seen, the worn 
scar depth is lower when the ZrN film thickness values are nearly the desired result, thereby indicating good wear 
property. Moreover, Figure 1b shows that the scratch force decreases with film thickness increase is clearly visible, 
showing a distinct correlation with film thicknesses. It is obvious that the best scratch force value is found to be 
about 45N, where the best coating thickness is approximately 3um in ZrN films. The experimental results suggest 
that the closer the thickness is to the desired value, the smaller the worn scar depth and the greater the adhesive 
strength. As mentioned above, it is noteworthy that the thickness of the films plays a vital role in the PVD processes 
since it significantly affects coating performance.  
 
Figure 2 shows the variation of worn scar depth with ZrN film thickness for the tested specimens. 
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4.2 Surface Observations
Typical SEM morphologies of the as-deposited ZrN films with various tests are shown in Figure 3. In Figure 
3a, the SEM images show that the grains on the surface of the coating are smaller and more densely packed 
structures that have a broad, flat, continuous sedimentary fragment with a small grain ranging from 0.125um to 
0.3um, whereas the surfaces of Figure 3b are observed to be rougher and more porous, with dense hillock-like 
clusters of coarse grains varying from 0.25um to 0.5um surrounded by inclusions and micro-cracks. It is noted that 
the cohesion of ZrN and Ti is stronger than that of ZrN and the substrate, resulting in the grains of ZrN films 
growing smaller. As mentioned regarding SEM images above, both XPS spectrums are shown in Figure 3c. The 
film’s composition was determined from the Zr 3d/3p, Ti 2p, Cr 2p, N 1s, and O 1s peaks in the deposited ZrN films, 
where the differences between the acquired spectra are clearly seen.  Based on the literature published previously 
[4 ], the Zr 3d5/2 peaks at 181.9 eV with a full width half-maximum (FWHM = 2.0637 eV), the Ti 2p peaks at 456 
eV (FWHM = 4.998 eV), and the N1s peak at 396 eV (FWHM = 1.809 eV ) are evident on the Ti-doped ZrN thin 
coatings, while the Zr3d peaks at 183.28 eV (FWHM = 2.0901 eV) and Cr2p at 573.482eV (FWHM = 1.2726 eV) in 
the thick ZrN coatings were detected, respectively, and a sharp peak in the Zr3d region was noted.  The O1s peaks at 
532 eV are clearly ascertained between the Ti-doped ZrN and Cr\ZrN coatings. The N1s peak becomes minor in the 
Ti doped ZrN bonds in the thin films, while the N1s intensity decreases in the thick films of Ti doped ZrN bonds. 
Moreover, the strong peaks of O1s spectra for both ZrN coatings occurred due to film contamination following air 
exposure. Meanwhile, Figure 3d shows two series of XRD spectrums with various thicknesses of films. These 
principally exhibit four strong sharp peaks in the thin (L8) films, located at 2ș of 23.77, 31.958, 33.898 and 39.368, 
which are attributed to diffraction of the Ti2N(101), Zr(100), Zr(111), and ZrN(002) planes; while three strong 
peaks with the ZrN(111), Zr(002), and Ti2N(112) peaks that are assigned at 2ș of 33.914, 34.838 and 40.989 
displayed strong sharp peaks in thick (L6) films; ZrN(220) peaks seem to be small and Cr(200) peaks do not appear. 
This implies that the film may be composed of Ti-doped ZrN with preferential orientation in a (002), (111), and 
(101) direction and ZrN with preferential orientation in a (002) and (220) direction. In comparisons of integrated 
spectrums of the two XRD peaks, it is deduced that the content of the Ti is dominant, while the content of Cr is 
small in the ZrN film.  
 
Figure 3 SEM surface micrographs of ZrN films including coating thickness values of L8 test (3.124 um) (a) 
and L6 test (8.228 um) (b), XPS spectra (c) and XRD patterns (d) 
4.3 Structure Analysis 
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A typical elemental depth profile is depicted in Figure 4a-b. The concentration distribution of Zr, Ti, N, Cr, 
and Fe elements of the films with depth can be inspected by the depth profile. As shown in Figure 4a, the total 
thickness of the Ti-doped ZrN film is about 2.35P m and the titanium intermediate layer with a thickness value of 
0.6P m is visible in the depth profile. The film composition stoichiometry reveals an N concentration of 
approximately 7%.  It can be found that the relative proportion of the titanium elements progressively varies from 
the surface to the interface with the substrate. A limited width sputtering interface with a strong sensitivity to 
titanium element is formed, whereas a completely different element depth is produced in this experiment when the 
thick ZrN film is deposited as illustrated in Figure 4b. The total thickness of the ZrN film is approximately 6.0P m, 
and the film thickness value of the chromium intermediate layer is approximately 0.7P m.  From the GDOES 
composition depth profiles, a significant effect of the zirconium/chromium interlayer can be noted.  
Figure 4c shows ZrN with a Cr interfaced coating with a lack of distinct crystalline shapes corresponding to 
fine homogenous and dense structures, whereas the columnar growth structures with a loosely packed feature of the 
coating with thin interlayer gaps noted on Ti-doped ZrN films are clearly visible as shown in Figure 4d, in which the 
columnar width is increased with the film thickness, which is less than 0.25 um. As evident in these figures, the 
growth structures of the ZrN films become coarser with the increased thickness of the ZrN films.  
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Figure 4 Depth profiles of coating thickness values for (a) and (b)in GDOES spectra, cross-sectional images (c) 
and (d) between L8 test (3.124 um) and L6 test (8.228 um) 
 
4.4 Modeled Predictions
It is found that the quadratic model is adequate to describe the ZrN film response surface. The fitted quadratic 
model is expressed as:  
 
yˆ =-68.717+15.349X1- 0.427X2+11.122X3 - 0.498X12 - 0.184X22- 0.436X32 + 0.555X1X2 
-1.741X1X3 + 0.248X2X3                                                      (3) 
 
For a good statistical model, the R2 value (0.9424) should be close to 1.0. ANOVA analysis confirms a 
satisfactory result of the quadratic model to the experimental data. According to Eq.(3), the response surface curves 
with a contour were plotted to determine the interaction of the variables and the optimal level of variables for the 
desired thickness values of ZrN films. Figure 5 shows the response surface curves of ZrN films based on the 
regression model generated as a function of a pair of significant variables, with the other variables held constant. 
The interaction between the nitrogen flow rate and Ti and Zr target currents is displayed in Figure 5a. A saddle 
response picture is clearly seen and a proper thickness in the lower levels can be obtained. Figure 5b shows the 
effect of the nitrogen flow rate e and sputtering distance on the ZrN films. As seen, the thickness value decreases 
with the increased nitrogen flow rate and the sputtering distance. The response plot in Figure 5c shows the effect of 
the sputtering distance and Ti and Zr target currents on the ZrN films. The interactive effects of a saddle response 
figure are clearly shown. It is observed that this response plot is also similar to the ones shown in Figure 5a in this 
experiment, which are mainly attributed to the interaction of the relevant factors. This suggests that the ZrN film 
thickness is strongly affected by the sputtering distance and nitrogen flow rate, which can be explained by the 
effects of their interactions during deposition. These findings agree, as reported in Ref [8], in the literature. These 
figures clearly indicate the relationship between the response and design variables, and the nature of the stationary 
area at any area of the experimental domain can be easily determined. Furthermore, it is also found that the quadric 
model for the predicted values generates a best-fit residual error of 0.427 from the verified data, therefore, proving it 
to be an effective predictor. 
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5. Conclusions
It has been experimentally shown that the response surface methodology with designed experiments is an 
intensely effective and efficient method for developing a proper thickness dimensional quality of ZrN films. A lower 
worn depth and a higher adhesive strength for the desired thickness values on the ZrN films have been achieved. In 
addition, in this study, a quadric model for the ZrN films has been developed from the experimental data, which 
yields good prediction performance. The predicted and the observed values are close, showing that the developed 
model can be effectively used to obtain the best surface properties of ZrN films. The use of such a model, we can 
deliver clear savings in time and cost.  
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